Since 1999, several Vaccinia virus (VACV) isolates, the etiological agents of bovine vaccinia (BV), have been frequently isolated and characterized with various biological and molecular methods. The results from these approaches have grouped these VACV isolates into two different clusters. This dichotomy has elicited debates surrounding the origin of the Brazilian VACV and its epidemiological significance. To ascertain vital information to settle these debates, we and other research groups have made efforts to identify molecular markers to discriminate VACV from other viruses of the genus Orthopoxvirus (OPV) and other VACV-BR groups. In this way, some genes have been identified as useful markers to discriminate between the VACV-BR groups. However, new markers are needed to infer ancestry and to correlate each sample or group with its unique epidemiological and biological features. The aims of this work were to characterize a new VACV isolate (VACV DMTV-2005) molecularly and biologically using conserved and non-conserved gene analyses for phylogenetic inference and to search for new genes that would elucidate the VACV-BR dichotomy. The VACV DMTV-2005 isolate reported in this study is biologically and phylogenetically clustered with other strains of Group 1 VACV-BR, the most prevalent VACV group that was isolated during the bovine vaccinia outbreaks in Brazil. Sequence analysis of C23L, the gene that encodes for the CCchemokine-binding protein, revealed a ten-nucleotide deletion, which is a new Group 1 Brazilian VACV genetic marker. This deletion in the C23L open reading frame produces a premature stop-codon that is shared by all Group 1 VACV-BR strains and may also reflect the VACV-BR dichotomy; the deletion can also be considered to be a putative genetic marker for nonvirulent Brazilian VACV isolates and may be used for the detection and molecular characterization of new isolates.
Introduction
The smallpox eradication campaign, which was promoted by the World Health Organization (WHO) in the 1960s and 1970s, represents a major milestone in medical history [1, 2] . After centuries of epidemics and deaths, smallpox was declared eradicated in 1980. The etiological agent of smallpox is the Variola virus (VARV), a member of the Poxviridae family, which comprises other virus species that are associated with mild to severe exanthematic diseases in a broad host-range [1] . The smallpox vaccines used in the WHO campaign were, in fact, strains of the Vaccinia virus (VACV), a species belonging to the genus Orthopoxvirus (OPV), which induced serological cross-reactivity against other OPV members, including VARV [3, 1] . With smallpox eradicated, smallpox vaccination was suspended due to several cases of adverse manifestations from the vaccine [4] .
Despite this remarkable victory against VARV, the suspension of smallpox vaccination led to the emergence of a generation that is susceptible to other OPV species [4] . This fact may explain the emergence of zoonotic OPV species such as Cowpox virus (CPXV) in Europe [5] ; Monkeypox virus (MPXV) [6] , which occurs naturally in Africa and was recently introduced in the USA; and, ironically, VACV in rural areas of Brazil and India, which has been associated with exanthematic outbreaks in both humans and cattle [7, 8, 9] . Although some authors believed that VACV vaccine strains could have spread from humans to domestic animals and adapted to the rural environment, other studies have suggested an independent origin for the South American VACV isolates, which are distinct from the vaccine strains used on this continent during the WHO campaign [10, 11] . Nevertheless, Brazilian VACV (VACR-BR) strains may have more than one origin, vaccinal or autochthonous. Regardless of its origins, the VACV strains have proven to be well-adapted to Brazilian rural and wild environments and have been detected in bovines, humans, rodents, monkeys, horses and other vertebrate species [8, 12, 13, 14] .
Several VACV outbreaks in Brazil, which resulted in economic losses and had public health impacts, have been described since 1999 [7, 8, 15, 16, 17] . During these outbreaks, infected dairy cattle usually presented ulcerative lesions on their teats and udders and had decreased milk production [8, 15, 16, 17] . Rural workers who were infected with VACV, most likely from occupational contact with infected cattle, usually presented lesions on their hands and arms, lymphadenopathy, high fever and prostration, among other symptoms [18] . The introduction and spread of VACV between farms are usually linked to cow milking and cattle trade [12] . Since early reports of VACV outbreaks in Brazil, dozens of VACV isolates have been characterized [7, 8, 15, 16, 17] . Molecular studies have shown that Brazilian VACV strains can be divided into two distinct groups: Group 1 and Group 2 [10, 11] . The Group 1 VACV-BR comprises Cantagalo, Araçatuba, Passatempo, GuaraniP2, Mariana, Pelotas2 and other strains; Group 2 VACV-BR includes GuaraniP1, Pelotas1, Bean58058 and other strains [10, 11, 14] . Interestingly, this molecular dichotomy is also reflected in certain biological properties of the strains, including virulence in the BALB/c mouse model and plaque phenotype in BSC-40 cells [12, 14, 19] . Although each VACV strain possesses unique genetic characteristics, most of them are very similar to each other within the same group, especially those belonging to Group 1; they most likely share a common ancestor. Nevertheless, our group and others have assigned specific designations for each newly discovered isolate, which refer to the unique characteristics of each outbreak.
Studies of Brazilian VACV have advanced our knowledge in the past few years, and some genes were identified as molecular markers to differentiate VACV from other OPV members or to discriminate between the Brazilian VACV groups. The viral growth factor gene (vgf) has been a marker that is screened by PCR because it is conserved among OPV members and duplicated in most OPV genomes [20] . However, vgf sequencing only allows for VACV species identification but not for VACV strain differentiation. Other conserved genes had been sequenced from Brazilian VACV because vgf is not remarkably different between VACV groups 1 and 2 [20] . For the past few years, A56R has been the most widely used gene marker in genetic analyses for Brazilian VACV strain differentiation. Damaso et al. (2000) demonstrated that VACV Cantagalo strain (Group 1) has an 18-nucleotide (nt) deletion in A56R. Most of the new VACV isolates were analyzed for this gene. With the discovery of new VACV isolates, A56R proved to be even more interesting because some Group 2 isolates do not have this particular 18-nt deletion. Other molecular markers have been discovered in the past few years, such as the serine protease inhibitor-3 gene (K2L) and the A-type inclusion body gene (ATI), among others [11, 21, 22] . These approaches are important, not only for sample identification but also to infer ancestry and to investigate hypothetical correlation of each sample or group with its unique epidemiological and biological features. In this study, we described the isolation of a VACV that has been characterized by sequencing, along with five genes analyses that included traditional and new, conserved and variable genetic markers. Analysis of C23L, the gene that encodes the CCchemokine-binding protein, revealed not only a new Brazilian VACV genetic marker but also a possible premature stop-codon mutation shared by Group 1 VACV strains.
Materials and Methods

Ethic Statement
This study was approved by the Comitê de É tica em Experimentação Animal -CETEA. In Brazil, it is not necessary to have specific ethics approval for collection of clinical samples from domestic cattle; all collection procedures were performed by veterinarians of a Brazilian Surveillance Institute (Instituto Mineiro de Agropecuária -IMA), following institutional recommendations (http://www.ima.mg.gov.br). Mice were sacrificed with anesthesia (ketamine + xilasin), followed by cervical dislocation. 
Cells and Viruses
African green monkey cells (BSC-40 cells; ATCC, USA) were grown at 37uC in Eagle's Minimum Essential Medium (MEM) (GibcoBRL, Invitrogen, Carlsbad, California, USA), which was supplemented with 5% fetal calf serum (FCS) (Cultilab, Brazil), 25 mg/mL fungizone (Amphotericin B) (Cristália, São Paulo, Brazil), 500 U/mL penicillin and 50 mg/mL gentamicin (Schering-Plough, São Paulo, Brazil) and used for viral isolation [12] .
VACV Western Reserve (VACV-WR) strain was kindly provided by Dr C. Jungwirth (Universitat Wurzburg, Germany) and used as a viral control in the biological assays. The VACV GuaraniP1 (GP1V) and GuaraniP2 (GP2V) strains were isolated by our team during an outbreak in 2001 [23] and are part of our biological collection. These and other Brazilian VACV strains were used as controls in the biological and molecular assays.
The VACV Outbreak and Viral Isolation
In 2005, a bovine VACV outbreak was reported by IMA (Instituto Mineiro de Agropecuária -IMA), a Brazilian veterinary surveillance institution, in the rural region of Resplendor County, Minas Gerais State, Brazil ( Figure 1A ). This region is characterized by the presence of several small rural properties, where cattle are kept for milk and meat production. During this outbreak, several animals and farm workers from neighboring properties presented exanthematous lesions similar to those reported during other Brazilian bovine VACV outbreaks ( Figure 1B ). The origin of this outbreak is unknown, but workers were most likely infected while milking infected animals and spread the virus by direct contact with healthy animals at the other properties. Clinical support was given to the infected workers, who took several days off to recover without the need of hospitalization. A farm that was affected during the outbreak was visited, and an epithelial sample (dried scab) from an infected dairy cow was collected with tweezers, kept under refrigeration and sent to our lab for etiological agent identification. All the collection procedures were performed by veterinarians of IMA, following institutional recommendations (http://www.ima.mg.gov.br). The scab was macerated using a homogenizer (Politron, Littau, Switzerland) in PBS, which contained 200 U/mL penicillin, 4 mg/mL amphotericin B and 100 mg/mL gentamicin (0.1 g scab/0.9 mL PBS), and clarified by centrifugation at 20006g for 3 min. The resulting supernatant was used for diagnostic purposes, viral isolation and molecular and biological assays [20] .
To confirm if the etiological agent of the outbreak was an OPV, the sample supernatants were diluted 1:100 in PBS and used as templates for a nested-PCR that targeted a partial region of C11R (viral growth factor -vgf). This gene is widely used as an OPV diagnostic tool in Brazil [24] . The reactions were carried out by adding 2 mL of the template to 18 mL of the PCR reaction mixture that contained 0.4 mM of vgf primers, as previously described [24] . The PCR products were electrophoresed in 8%-PAGE gels and silver stained [25] .
For viral isolation, 200 mL of the sample was added onto BSC-40 cell monolayers that were grown in a six-well plate and incubated at 37uC for 72 hours or until detection of cytopathic effect (CPE). After CPE observation, the cells were harvested and new BSC-40 cell monolayers were reinoculated for viral amplification. The resulting viruses were purified in a sucrose gradient and titrated as described [26, 27] . The DMTV isolate is depicted as a black dot. Maximum likehood trees were reconstructed using diferent datasets containing sequences from the genes listed above, using MEGA 4.0. Using ModelTest, server [35] the nucleotide substitution model of Tamura 1992 was selected as the best one fitting the data. Rates of variation among sites were estimated for each dataset and two discrete Gamma categories were used to model evolutionary rate differences among sites and the reliability of branching patterns was tested through 1000 bootstrap sampling. VACV-WR and GP1V were used as virulent controls, whereas GP2V was used as a non-virulent control [19] , and the mock infected group was inoculated with 10 mL of PBS. Preceding the viral inoculation, the animals were anesthetized by intraperitoneal injection of ketamine and xylazine (3.2 mg and 0.16 mg/mice in 0.9% PBS, respectively). After inoculation, the mice were housed in filter-top microisolator cages and provided with commercial mouse feed and water ad libitum. The animals were kept under observation for 14 days, and clinical signs of infection were recorded daily.
For plaque phenotype assays, BSC-40 cell monolayers at 90-95% confluency were infected with a MOI of 0,01 of the DMTV-2005 isolate, GP1V (as a large-plaque control) and GP2V strains (as a small-plaque control). The VACV-WR strain and PBS were used as additional controls (data not shown). Forty-eight hours after infection, the cells were fixed with paraformaldehyde and stained with crystal violet for plaque size analysis.
Molecular Characterization
For molecular characterization, viral genes such as C11R (viral growth factor), H5R (morphogenesis-related), B5R (type-I membrane glycoprotein), A56R (hemagglutinin) and C23L (chemokinebinding protein) were amplified and sequenced for phylogenetic analysis. The criteria for these gene selections were as follows: (1st) conserved (C11R and H5R) and non-conserved genes (B5R, A56R and C23L) to conduct phylogenetic studies; (2nd) genes that elucidate the genetic dichotomy among Brazilian VACV strains (B5R, A56R and C23L); (3rd) and established novel genetic markers of Brazilian strains groups (C23L). A56R, B5R, C23L and C11R were amplified with primers as described elsewhere [11, 20, 28] . The H5R primer pair used in this study was as follows: H5R F: ATTATCGCGATATCCGTTAA and H5R R: AGAGTTTACCATCTTTAT.
The chemistry and thermal conditions of these PCR reactions were similar to those used for the vgf nested-PCR; however, the annealing temperatures of the specific primers were changed. The PCR fragments obtained from this study were sequenced in both orientations and in triplicates (Mega-BACE 1000 sequencer) (GE Healthcare, Buckinghamshire, UK). The sequences were aligned with previously published OPV sequences from GenBank using the ClustalW method, and the alignments were checked manually with the MEGA version 4.0 software (Arizona State University, Phoenix, AZ, USA). Accession numbers for the analyzed sequences can be found in their respective figures. Maximum Figure 4 . Phylogenetic trees generated from OPV nucleotide sequences, including the Brazilian VACV strains. Phylogenetic analyses of B5R (A) and A56R (B) sequences showed that the Brazilian VACV strains are split into two different branches (Groups 1 and 2), which do not cluster directly with the vaccine strains (vaccine strains: those with no asterisk; and VACV-WR, a laboratorial strain). The DMTV-2005 isolate is depicted as a black dot. The Brazilian VACV strains are depicted with asterisks. Maximum likehood trees were reconstructed using different datasets containing sequences from the genes listed above, using MEGA 4.0. Using ModelTest, server [35] the nucleotide substitution model of Tamura 1992 was selected as the best one fitting the data. Rates of variation among sites were estimated for each dataset and two discrete Gamma categories were used to model evolutionary rate differences among sites and the reliability of branching patterns was tested through 1000 bootstrap sampling. doi:10.1371/journal.pone.0050413.g004 likehood trees were reconstructed using different datasets containing sequences from the genes listed above, using MEGA 4.0. Using ModelTest, server [29] the nucleotide substitution model of Tamura 1992 was selected as the best one fitting the data. Rates of variation among sites were estimated for each dataset and two discrete Gamma categories were used to model evolutionary rate differences among sites and the reliability of branching patterns was tested through 1000 bootstrap sampling.
Results and Discussion
Typical pox-like CPEs were observed in BSC-40 cells that were inoculated with supernatants from the exanthematic clinical samples, such as cell-cell dissociation and migration due to alterations in microtubules, actin and intermediate filaments that culminated in plaque formation in the cell monolayer. Both samples that were collected from infected dairy cows and calves induced CPEs. No cellular changes were observed in the BSC-40 monolayer that was inoculated with PBS. In parallel, these samples were also analyzed with a nested-PCR assay that targets C11R [24] which resulted in the amplification of OPV-specific fragments that were also present in the VACV-WR positive control.
After amplifying and purifying DMTV-2005, plaque phenotype assays and virulence tests in BALB/c mice were performed to evaluate the biological cluster of this new isolate. Previously, Brazilian OPV isolates have been clustered into two distinct groups, Group 1 and Group 2. In addition to genetic differences, Group 1 was shown to be non-virulent in an in vivo model using BALB/c mice and to produce small plaques in plaque assays; Group 2 is virulent and produces larger plaques [12, 14, 19] . When BALB/c mice were infected with 10 6 PFU of DMTV-2005 isolate or other VACV strains, we observed that DMTV-2005 behaves like the non-virulent group of VACV Brazilian isolates. DMTV-2005-infected mice did not lose weight over time and survived until the end of the experiment (14 days post-infection -d.p.i.), similar to GP2V-infected mice. In contrast, all animals infected with VACV-WR or GP1V lost weight from the second day after infection and died by day eight or nine, respectively (Figure 2A and 2B). Compared with GP1V and GP2V in plaque assays, DMTV-2005 plaques were small and similar to those formed by GP2V ( Figure 2C ), which provides additional supporting evidence to classify VACV DMTV-2005 as a member of the non-virulent group. As expected, VACV-WR produced large plaques (data not shown) similar to those associated with GP1V ( Figure 2C) . For phylogenetic analysis, five different OPV genes were selected and amplified by PCR using DMTV-2005 as the template, and the resulting amplicons were sequenced. The C11R and H5R sequences of DMTV-2005 indicate that the isolate clusters with other VACV strains ( Figures 3A and 3B) . Due to the conservation of the nucleotide sequences, C11R and H5R can serve as genetic markers for OPV species identification; however, they provide limited information for VACV sub-cluster analysis. Phylogenetic analyses of B5R and A56R sequences clustered DMTV-2005 with the non-virulent Brazilian isolates (Group 1), confirming our biological data ( Figure 4A and B) . Moreover, the position of DMTV-2005 on the phylogenetic trees and specific nucleotide substitutions in both B5R and A56R suggest that, although the DMTV-2005 isolate is VACV-related, it is distinct from the vaccine strains (Figure 4 , VACV strains with no asterisks), like other Brazilian VACV isolates.
Although A56R and B5R have been validated as specific Brazilian VACV molecular markers, we decided to investigate C23L as another hypothetical gene that may elucidate the Brazilian VACV dichotomy, depending on its variability in other OPV genomes. Analysis of the C23L gene sequence, based on VACV-WR annotation, revealed the presence of a ten-nucleotide deletion ( Figure 5 ), resulting in a frameshift mutation that creates a stop-codon at position 173 ( Figure 6B ). To analyze the presence of this particular deletion in other Brazilian VACV strains, we amplified and sequenced C23L from strains of Group 1 and Group 2. Remarkably, only the Group 1 isolates had the tennucleotide deletion in C23L, including DMTV-2005, in contrast with the C23L of Group 2 isolates. The phylogenetic tree generated from the C23L sequences demonstrates that this gene, along with A56R and B5R, can be used to segregate Brazilian VACV into Group 1 or 2 ( Figure 6A ). All sequences obtained in this study were deposited in GenBank: JX678770, JX678771, JX678772, JX678773, JX678774, JX678775, JX678776, JX678777, JX678778, JX678779, JX678780, JX678781 and JX678782.
In some Orthopoxvirus species C23L encodes for a soluble chemokine-binding viral protein that influences virulence in vivo, because C23L knockout Rabbitpox virus-infected animals had an increased influx of extravasating leukocytes in the deep dermis during the early phases of infection [30] . By binding certain host chemokines with high affinity, C23L blocks the chemokine interactions with their cellular receptors, abolishing cell transduction pathways and, consequently, inhibiting the chemokine biological activities. Analyses of genomic databases indicate that VACV-WR and others VACV strains may present an upstream start-codon, which would reflect in a distinct coding-frame (unpublish data); as we compared VACV-BR with the prototype VACV-WR and others, our data indicated that VACV-BR Group 1 isolates are not able to produce whole C23L protein, as VACV-WR and VACV-BR Group 2 isolates. However, we believe that new studies are necessary to reveal C23L expression profile and possible alternative transcription frames.
There is no analog to C23L in OPV hosts, so it is unlikely that C23L has been acquired by horizontal transfer [30, 31, 32] . Even though there is no supporting biological data concerning C23L importance to Brazilian VACV virulence, we can speculate that loss of function due to a premature stop-codon in the C23L open reading frame of Group 1 Brazilian VACV isolates may be a factor that contributes to decreased virulence of this group. The ten-nucleotide deletion in C23L can also serve as a marker for non-virulent Brazilian VACV viruses and may be used to characterize new isolates or exploited in differential PCR-based screening with primers that either bind to the deleted sequence or not (Kroon, unpublished data). C23L has already been incorporated into diagnostic assays; oligonucleotide probes designed to detect the C23L sequence have been included in the microarrays for OPV detection [33, 34] . C23L has also been used successfully for OPV phylogenetic analysis, dividing twelve European CPXV isolates into two major clades and up to five distinct monophyletic clusters [35] . We conclude that DMTV-2005 is a new Group 1 Brazilian VACV strain (non-mice virulent) that was isolated from an outbreak of bovine vaccinia in the southeast region of Brazil. Farming and dairy production are important activities in this region that were negatively impacted by the bovine vaccinia outbreaks. Our analyses showed that the C23L sequences of several Brazilian VACV isolates in the non-virulent group share a unique ten-nucleotide deletion. This deletion may cause a frameshift mutation, which would result in a stop-codon that may lead to a truncated C23L protein; although new studies are required focusing the C23L promoter and alternative transcription frames, this deletion can be considered to be a putative genetic marker for non-virulent Brazilian VACV isolates and may be used for the detection and molecular characterization of new isolates. Figure 6 . Phylogenetic analysis and sequence alignments of C23L coding sequences. (A) Phylogenetic analysis of C23Lsequences show the grouping of the Brazilian VACV strains into two different branches (Groups 1 and 2), which do not cluster directly with the vaccine strains (vaccine strains: those with no asterisk; and VACV-WR, a laboratorial strain). The DMTV-2005 isolate was clustered with Group 1 as observed with A56R and B5R analyses. (B) Amino acid sequence alignments of the C23L. The stop-codon at position 173 is generated by a ten-nucleotide deletion and highlighted with an arrow. This genetic marker is shared by the DMTV-2005 isolate and other Brazilian VACV strains, such as MARV and GP2V (Group 1), whereas the ten-nucleotide deletion is absenting the GP1V, VBH and P1V strains (Group 2). doi:10.1371/journal.pone.0050413.g006
